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Abstract
In recent decades research into the role of mechanical cues in cell biology
has made a significant progress. The importance of understanding how
cells react on changes in mechanical properties of their local
microenvironment and whether they can apply forces themselves has led
to the development of a number of different methods. These methods
allow changing substrate stiffness and simultaneous measuring of the cell
traction forces. Hydrogels and arrays of flexible microposts are currently
the most used techniques to measure cell traction forces (TF) in response
to the changes in substrate stiffness. Forces are isolated by detecting
displacements of beads inside hydrogels or microposts bending, caused
by cells cultured on them. Further this information is combined with the
known bulk substrate stiffness to calculate cellular forces needed to cause
these displacements. Both techniques have certain advantages and
disadvantages imposing limitations on the research opportunities. We
developed a new approach by combining advantages of both techniques
in order to broaden the range of possible applications. This thesis
describes the generation of new substrates with a unique functional layer
design to which cells can adhere. Validation was performed by using
three cell types: mouse fibroblasts (3T3), human fibroblasts (SV80) and
iv
human aorta smooth muscle (HASM) cell lines. Computer analysis of the
image data collected on the high-resolution confocal spinning disk
microscope is used in order to obtain substrate displacement field for the
cell TF calculation. We found fibronectin-based stamping on soft
hydroxy-PAAm hydrogels to be most efficient.
Keywords: Hydroxy-PAAm gel, micropillar array technique, cellular
traction forces, high-resolution spinning disk microscopy
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Chapter1
Introduction
To get a fundamental understanding of cell processes it is crucial to study
cell mechanics. Mechanical interactions between cells and between cells
and their surrounding environment, the extracellular matrix (ECM), play
an important role in regulating cell processes such as stem cell differentia-
tion, cell communication and proliferation and diseases like cancer [1, 2].
Cells respond to the different mechanical properties of their environment
by changing their spreading area, proliferation rate, migration and force
application. The human body consists of tissues with highly varying stiff-
ness, each tissue type reacts differently on mechanical cues [3]. It is gener-
ally believed that mechanosensing (sensing mechanical cues) and mechan-
otransduction (converting the mechanical signals into action) happen with
the help of the protein complex. This complex consists of integrins, trans-
membrane proteins that bind to the ECM, focal adhesion (FA) proteins like
vinculin and talin, that connect integrins to the cell cytoskeleton and the
cytoskeleton itself [4–8]. Nevertheless, how cells probe the rigidity of their
surrounding micro environment and how this rigidity regulates cell force
exertion and biochemical signaling is still not completely comprehended.
To answer these questions, numerous techniques were developed that
mimic the physical properties of the ECM to isolate and measure cellu-
lar traction forces of various tissue types depending on substrate stiffness.
Currently, cellular traction forces are primarily quantified using two pre-
vailing methods: synthetic gels and microfabricated post array detectors
(mPADs) [9].
This chapter focuses on methods to measure 2D forces applied by sin-
gle cells on substrates resembling the ECM. In order to quantify cellular
traction forces a deformable substrate, a method to measure these defor-
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mations and computational programs to analyze the data are needed. The
two most used methods to measure single 2D cellular traction forces use
either micropillar arrays or synthetic gels. Force calculation and measur-
ing of displacement of synthetic gels and micropillar array technology is
substantially different. First, artificial designed gels and micropillars are
introduced. In subsequent sections a brief introduction into force calcu-
lation and detection of deformations is given, since we are interested in
finding a suitable technique to measure deformations.
1.1 Synthetic gels that allow microprinting
Several synthetic gels have been created to resemble the physical proper-
ties of the ECM and to form protein micropatterns on them [9]. Of these,
polyacrylamide (PAAm) is the most utilized (other frequently used gels
include polydimethylsiloxane (PDMS) gels), since it is possible to make
protein micropatterns on these substrates [10]. In addition, the rigidity of
the gel can be controlled too by changing the base to cross-link ratio [10].
The traction force cells exerted on the substrate can be deducted from the
deformation of the gel by an indirect relation between displacement and
force (see figure 1.1). Compared to pillars gels are better suited for mea-
suring forces on very soft tissue, high compliance substrates. Downsides
of using gels is that cells have to be detached from the substrate before
displacements can be measured.
2
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Figure 1.1: Marked beads in the gel can be tracked using traction force mi-
croscopy (TFM). Deflections are obtained by comparing the substrate before and
after cell attaching. Note that cells have to be separated from the gel before mea-
suring. Adapted from [11].
1.2 Micropillar array technology
Elastomeric PDMS micropillar arrays, consisting of equally spaced pil-
lars, have been developed to study cellular functions like mechanosens-
ing, cell migration and motility under changing rigidity [12]. This method
gives us the ability to precisely measure sub nN forces [1]. Micro con-
tact printing with ECM proteins enables cell adhesion on the tips of mi-
cropillars, while elsewhere proteins such as Bovine serum albumin (BSA)
block cell adhesion. Varying the rigidity is possible by either changing
the height or diameter of the pillars or manipulating the ratio of curing
agent to base. Spread across the substrate, cultured cells exert traction
forces on the posts and bend them (see figure 1.2). The forces can be cal-
culated by determining the deflection of the pillars using high-imaging
microscopy. Among the advantages of micropillars is the ability to control
their stiffness without changing chemical composition, unlike PAA gels,
where stiffness can be controlled only by changing crosslinker to base ra-
tio. In addition, regular spatial organization of micropillars allows live
cell TFM with the highest force detection precision available. Neverthe-
less, micropillar arrays have 2D topography that not always satisfy ECM
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mimicking requirements. Moreover, cell-matrix adhesion size is restricted
to the top, functionalized surface of pillars. The softest mircropillar arrays
have a stiffness of about 1.5 kPa, while brain tissue can reach values of 0.1
kPa [13].
Figure 1.2: A schematic representation of a cell sitting on an array of microfab-
ricated pillars. The pillars can be fluorescent labeled to measure the bending.
Adapted from [11].
Because there is no existing method capable of stamping multiple pro-
tein layers on a gel nor doing measurements in the low stiffness regime, we
have created a new method that combines the techniques and advantages
of gels and micropillars to better resemble the ECM and make it applica-
ble in the low stiffness regime. We are only interested in hydroxy-PAAm
hydrogels and PDMS gels, because only these gels allow micropatterning.
The cellular structures responsible for mechanosensing and mechan-
otransduction consists of many proteins, each having a specific role in
these processes [8, 14]. FAs play a central role in these processes since they
connect and regulate the transmission of mechanical cues between the in-
side of the cell, the cytoskeleton, and the outside, the ECM (see figure 1.3)
[15]. Cellular response depends among others on forces applied on the
cell by surrounding cells or the ECM and on forces exerted on neighbor-
ing cells or the ECM by the cell itself. Methods to quantify interactions
between cells will not be discussed [16, 17]. Furthermore, we can distin-
guish between 2D and 3D force measurement. Even though cells live in a
4
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1.3 From deformation to force 5
3D environment, many results coming from 2D force measurement hold
true in 3D force measurement. This, due to cells becoming practically flat
on elastic substrates so tangential forces dominate, which all lay in the
same plane, the surface of the substrate.
Figure 1.3: The cell exerts traction forces with the help of the focal adhesion com-
plex. The integrins stretch over the whole cell to assist ECM adhesion and allow
for cell-cell and cell-ECM interaction. Adapted from [18].
1.3 From deformation to force
The ECM is filled with a network of proteins, which make up the mechani-
cal properties. This network is not homogeneous, linear and isotropic and
thus complicates the fabrication of substrates that resemble the ECM, mea-
surement and calculation of forces. As a result of this, synthetic materials
(for example polyacrylamide gels and pillar arrays) have been developed
that are assumed to be (i) linear and (ii) isotropic in the force regime of
cells. Other assumptions made in order to calculate the force field from
the displacement field are the following: (iii) the substrate is infinitely
large compared to cells, so that deformations do not depend on the size
of the substrate and (iv) the material is homogeneous. Imposing these as-
sumptions make it considerably easier to describe the material in terms of
Young’s modulus, E (N/m2), which describes the relation between stress
(N/m2) and strain (unitless), and Poisson’s ratio, ν (unitless). Still it is un-
clear how the force measurements on these substrates exactly compare to
traction forces in the ECM, so long as there is no better understanding of
the role of the non-linear part. One way to tackle this problem, is by devel-
oping methods that resemble the ECM in more detail than existing tools
do.
Depending on the setup, there are different ways to retrieve the dis-
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placement field. These methods include, but are not limited to, the use
of atomic traction microscopy (ATM), optical or magnetic traps and TFM
[19, 20]. In practice, most used methods are variations on conventional
TFM. In traditional TFM, the deformations of a soft substrate are imaged
by tracking the shift of fluorescent labeled markers placed inside the mate-
rial [21]. It is originally designed in biology for cellular traction forces, but
nowadays it is a broadly used technique applied in many fields of science
[21, 22]. The displacement field of the markers is obtained by comparing
the images of the gel, first in rest, before cells are attached and then in rest
after cells detached. When one uses pillar arrays, the deflection of pillars
can also be imaged with optical TFM. Deflections can be made optically
detectable by fluorescent labeling of FAs, which can only attach and exert
forces to the surface of pillar tops. Constraining the adhesion sites is both a
downside and advantage. The situation fundamentally differs from tissue
inside organisms, but it greatly simplifies creating the force field. In addi-
tion, forces are really separated in contrast to gels with continuum surface.
After acquiring the displacement field, constructing the force field requires
computational algorithms. For soft substrates continuum elasticity theory
is the leading theory to calculate forces, while calculating force applied on
pillars is considerably easier as Hooke’s law (see formula 1.1) can be ap-
plied. All forces have components laying parallel or in the plane of the
substrate and a component perpendicular to the surface. In general, 2D
methods only measure the in-plane component of the forces, but by imag-
ing multiple layers a 3D image of the cell can be constructed. In the case
of pillars, only the lateral forces are measured. There are numerous ways
and algorithms to analyze the data. It is a complicated process and each
method has its disadvantages and advantages [11].
1.4 Pillars & forces
Micropost array technology plays an important role in traction force mea-
surement. Arrays consist of equally and closely spaced pillars of known
stiffness, height and diameter made of PDMS, a silicone elastomeer. When
the deflections are small the forces can be approximated with Hooke’s law,
while for huge deflections there is no comprehensive theory explaining the
behavior of the posts. However, in practice the posts behave like springs
and Hooke’s law is sufficient to describe and calculate the lateral forces
exerted on the pillars (see figure 1.4).
F = k ∗ δ (1.1)
6
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Here, the force F equals the product of the spring constant of the pillar,
k, which can be experimentally determined by calibration and δ, the sum
of the pillar deflection and substrate deformation. It turned out k is related
to Young’s modulus, Poisson ratio, moment of inertia (I or M), diameter
(D) and length of the pillar (L); all are variables that can be controlled and
adjusted.
(a) Adapted from [23]. (b) Adapted from [23].
Figure 1.4: The total pillar deflection is composed of pillar bending, shear of the
pillar and a contribution of base tilting and base shift. In experiments the base
shift is taken care of by precise referencing and locating of the tops [24]. The term
of base tilting is a result of substrate warping, which is a measure for the differ-
ence between the highest and lowest point of the surface the pillar is attached to.
Pillar bending and pillar shear are caused by FAs applying traction force on them
.
All the single terms can be expressed in known variables and placed
in a theoretical framework using Euler-Bernoulli beam theory. It describes
the bending caused by lateral forces and is a precursor of the more exten-
sive continuum elasticity theory.
1.5 Gels & forces
While there are many different types of synthetic gels, all methods used
to analyze the data use the continuum elasticity theory to obtain the force
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field. This theory deals with physics of the elasticity of solid materials.
The relation between the displacement field and force field is given by the
Fredholm integral of the first kind:
u(v) =
∫
G(v− w)F(w)dv (1.2)
In this formula, every point on the substrate in relaxing state has co-
ordinates v=(x,y), while w=(x’,y’) represents the coordinates of points on
the deformed state. F is the sum of all n single forces and G is the Green
function, which one can calculate treating the forces as point forces on a
substrate of (semi)infinite size. When the displacement field, u(v), and
the Green function, G(v-w), are known the convolution integral can be in-
verted using Fourier analyze to find the force field. This method, known
as inverse TFM, is very sensitive for small changes in the displacement
induced by noise, because the long-range behavior of the Green function
causes big changes in the forces. Another way, known as direct TFM, to
retrieve the force field is by directly calculation using the strain tensor, e,
and stress tensor, σ [11]. Like inverse TFM, the results of this approach are
also unstable when the noise is sufficiently large. Noise can originate from
bad substrate quality (assumptions like linearity and homogeneity do not
hold true), image processing and limited resolution of the microscopy.
In summary, both mPADs and synthetic gels like PAAm are powerful
and widely accepted tools in nowadays research and have helped make
breakthroughs possible in the past. Even though they are well-developed
techniques, improvements can nevertheless be made to further enhance
the quality and possibilities of research. The force calculation for our
method follows the path described in the section 1.3, but still has to be
elaborated.
This thesis focuses on optimizing stamping technology and retrieving
the displacement field in a stable and consistent manner. In chapter 2,
methodology, we will investigate how to stamp multiple layers of pro-
teins, prepare gels, fabricate micropillar arrays and process images. Sub-
sequently, in chapter 3, the results of different stamping methods and how
to find the displacement field are discussed. Finally, in chapter 4 the con-
clusion is presented.
8
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Chapter2
Methodology
This chapter describes in detail how the silicone stamps, mPADs and
Hydroxy-PAAm hydrogels and PDMS gels have been fabricated. The pro-
cedures and protocols to produce these materials originate from other lab-
oratories. The hydroxy-PAAm hydrogels, Sylgard 184 silicone elastomeer
stamps and gels are developed by Marie Versaevel et al. from bioscience
research institue CIRMAP, university of Mons, Belgium [25]. Because the
range of stiffness of tissue is so broad, there is no single gel type that
can represent the whole spectrum of human tissue. To tackle this prob-
lem, multiple types of gels can be used to cover the whole scope. In the
lower rigidity regime the hydrogel (tunable stiffness ranging from 0.5 kPa
to 50 kPa) better resembles the ECM, while PDMS (controllable stiffness
ranging from 100 kPa to 2 MPa) gels are better suited to mimic tissue
of greater rigidity [25, 26]. In our research we used both gels, however
with the reason to investigate which one is best applicable for construct-
ing the displacement field. Furthermore, cell biology and the usage of
confocal spinning disk microscopy will be discussed. Also, we present
three elegant stamping methods of which we discuss their effectiveness in
the next chapter. At last, the computational programs used will briefly be
reviewed. The ingredients and tools needed to create the gels, pillars and
stamps are all commercially available and a standard lab satisfies.
2.1 Preparing PDMS stamps
PDMS stamps were made on a blank Si-waver with a 1:30 base to curing
agent ratio, components of Sylgard 184. Thereafter, they were placed in
an oven overnight for 16 hours at 65 degrees Celsius. After cooling down,
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stamps were cut out in 1x1 cm blocks and placed in a petri dish.
2.2 Preparing PDMS micropillar arrays
A total of 15 g, consisting of base and curing agent, components of Sylgard
184, in a ratio of 10:1 was added in a tray. Subsequently, mixed for 5 min
and degassed at 150 mbar for 60 min. Thereafter, the solution was placed
on a silicon wafer and degassed for 20 min. When the bubbles are gone it
was placed in a oven at 110 degrees Celsius for 20 hours and cooled down
for 2 hours afterward. At last, the pillars were carefully cut out and placed
in a six-well-plate [25, 26]. Before using, the spacers were removed on the
side of the arrays.
2.3 Preparing Hydroxy-PAAm hydrogel
and PDMS gel
Hydrogy-PAAm hydrogels of the following stiffness were produced: 3.6
kPa, 25 kPa, 40 kPa and 100 kPa. The rigidity of the gels was determined
earlier by other laboratories [25–27].
25 mm diameter petri dishes were used, with glass cover slips in them.
First, the cover slips were smeared for 5 min with 0.1 M NaOH solution
and then were placed twice for 15 min under gentle rocking in ddH2O.
Thereafter, the cover slips were placed in a new petri dish and dried with
high-purity nitrogen gas. In a chemical culture hood a thin layer of 3-
(trimethoxysilyl) propyl acrylate (92%) was smeared on the cover slips.
After 1 hour, they were washed three times with sterile ddH2O. Subse-
quently, cover slips were placed in a new petri dish and activated for 10
min in an UV cleaner, after which Hydroxy-PAAm solution is made. 1
ml of 50 mM sterile HEPES was added to 65 mg of N-hydroxyethyl acry-
lamide (HEA) in a 1.5 ml tube and mixed on a vortex. Thereafter, 0.4 ml of
40% weight/weight (w/w) in HEPES acrylamide solution and 2% w/w
in HEPES bis-acrylamide solution was added. At last, 50 mM HEPES
was added until the total volume is 5 ml. Following, the solution was
degassed for 20 min, sterilized and placed at the vortex for 2 min, this to
prevent polymerization. 25 µL of 10% Ammonium Persulfate (APS) so-
lution and 2.5 µl of tetramethylenediamine (TEMED) was added to the
Hydroxy-PAAm solution and mixing was performed by pipetting the so-
lution up and down. Afterwards, 25 µL drops were added on each cover
10
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slip under sterile conditions. Finally, Hydroxy-PAAm gels were polymer-
ized in about 30 min at room temperature and washed after with sterile
milliQ. The gels can be stored in a fridge in milliQ for up to three days
[25].
Interestingly, the only difference between the making of PDMS gels
and stamps is the ratio of base to curing agent. In order to create gels, ra-
tios of 1:50, 1:60 and 1:70 were used. The gels were placed on, with ethanol
cleaned and washed three times in Phosphate-buffered saline (PBS), cover
slips.
2.4 Stamping methods
Three different stamping methods have been used: for each method we
carefully spread a protein layer on a stamp. Thereafter, holes were made
in the protein layer by placing a pillar array on top of the stamp. Sub-
sequently, fibronectin was used to fill the holes (see figure 2.1). For one
method, as first layer, a commonly used protein that blocks specific bind-
ings, BSA was used to prevent the cell from attaching to the substrate. The
other two proteins used for stamping are fibronectin and laminin, both
originating and abundant in the ECM. All incubations happen in the dark,
because fluorescent labeled parts easily bleach.
In more detail the approach works as follows: first, the stamps were
labeled with a 40 µl mix of either (a) fibronectin, (b) laminin or (c) BSA
and were incubated for 1 hour in the dark. (a) The fibronectin protein
mix typically consists of 2 µl unlabeled fibronectin, around 2 µl labeled
fibronectin depending on the concentration of labeled fibronectin (labeled
with Alexa 647) and the rest was filled with milliQ to end up with a total
of 40 µl. (b) If laminin has been used as first layer the blend usually con-
sists of around 2 µl unlabeled laminin filled up with PBS to end up with
40 µl. Laminin was made optically detectable at wave length of 405 nm
by staining with primary anitbody anti-mouse-laminin and secondary an-
tibody rabbit-anti-mouse laminin Alexa fluore 405. (c) The BSA mix was
unlabeled and was made by diluting half a gram of BSA within 50 ml 1%
PBS to end up with 1 % BSA. Thereafter, the stamps were dried for 15 min
and the pillars have been placed in UV cleaner for 10 min to activate them.
Subsequently, the pillars were gently placed on the stamps and incubated
for 10 min in the dark. The holes in the fibronectin, laminin or BSA layer,
caused by the pillars, were filled with a 40 µl mix of unlabeled fibronectin
and fibronectin, labeled with a different wavelength than the first layer.
Fibronectin can be labeled with Alexa to emit the following wavelengths
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in nanometer: 405, 488, 514, 546 and 647. We have only used Alexa 405
and 647. The second layer consisting of fibronectin is exactly the same
mix as the first fibronectin blend, only differing in labeling. In case of
laminin-based or BSA-based stamping vinculin-405 was immunostained
with anti-mouse primary antibodies and goat-anti-mouse secondary anti-
bodies Alexa fluore 405 to make integrins visible. In all samples phalloidin
Alexa fluore 532 has been used to make actin filaments visible. Finally, af-
ter 1 hour incubation in the dark, washing with milliQ and drying for 15
min, the stamps were ready to be placed on the gel.
Figure 2.1: A schematic illustration of the stamping method. From top to bottom:
a layer of laminin (interchangeable with BSA or fibronectin) is carefully placed on
a PDMS stamp. Next, an activated pillar array is stamped on the stamp to create
a micro pattern. Then, the holes are filled with a layer of fibronectin, the stamp is
deposit on the gel and incubated for 1 hour before it is removed.
2.5 Cell biology
The cells used for experiments were 3T3 mouse fibroblast cells, SV80 hu-
man fibroblast cells and human aorta smooth muscle (HASM) cells. They
12
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were kept at 37 degrees Celsius and 5% CO2 in an incubator. The cells
were cultured in Dulbecco’s Modified Eagle Medium (DMEM) medium
and were split every 2-4 days in a 1:10 ratio.
After preparation of a micropattern on the gel, 20,000 cells have been
counted with an automated cell counting machine and pipetted on top
of the gel to obtain a density of 20,000 cells/cm2. Thereafter, the cells were
fixed with 4% paraformaldehyde and immunostained with appropriate
primary and secondary antibodies.
2.6 Spinning disk microscopy
To produce images a confocal spinning disk microscope (CSU-X1, yoko-
gawa) with a home-build setup was used. Before the laser light reaches
the spinning disk it is sent through and bundled by a single-mode fiber.
The accurate imaging process is semi-automated and achieved by specif-
ically designed programs (Labview, National Instruments); only locating
the spot of interest on substrate was done manually. Retrieval of data is ac-
complished by IQ-software (Andor). All images were acquired with high
NA (1.4), 100x magnification oil immersion objective and were made with
an emCCD camera (iXon 897, Andor). Experiments were completed with
lasers emitting wave lengths of 405, 514 and 647 nm. Gels were placed on
a cover slip and were fasted in a sampler holder, which is placed in a focus
holder.
2.7 Computational programs
All data analyzing has been performed with matlab (Mathworks). Specifi-
cally home-made algorithms were used to obtain the required information
from the images.
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Displacement field
In order to reconstruct the displacement field as accurate as possible the
image intensity and micropattern need to be of high quality and the stamp-
ing method needs to be optimized. To realize an increase of spatial fea-
tures, and hence the ability to differentiate details, we performed super-
resolution imaging. In addition, two proteins were fluorescent labeled in-
stead of one as is common. Optimizing was realized by comparing image
quality of different gels, stamping methods and stiffness. Image quality
depends on the following: the signal to noise ratio of substrate in-between
holes and holes, the condition of micropatterns and the size of deforma-
tions. Only hydroxy-PAAm hydrogels and PDMS gels allow micropat-
terning, which is essential, because the dots on the substrate play a cru-
cial role in the analyzing process. The dots on gels surface are obtained
by placing a micropatterned stamp on the gel. Constructing the displace-
ment field is neither straightforward nor exists a unique approach. The
holes made by the pillar array are all circular, but after cells are placed
on the gel and exerted forces these holes become elliptical. This, we ex-
ploit as our method is based on tracking five points of each reference hole,
namely, the center of mass and the four intersection points of the axis and
perimeter.
We found that hydrogels and fibronectin-based stamping are the most
efficient in order to require high quality protein pattern images with visi-
ble deformations. In this chapter the images made, effectiveness of stamp-
ing methods and gel types are extensively discussed as well as the ap-
proach to find the displacement field, continuation to find the force field
and suggestions for improvements of this technique.
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3.1 Optimizing micropattern gels
All experiments were performed under the same conditions with equal
microscope settings and with cells dividing as expected. The images made
can be subdivided into four categories based on stamping method and gel
type: hydrogel with fibronectin-based stamping, hydrogel with laminin-
based stamping, hydrogel with BSA-based stamping and PDMS gel with
fibronectin-based stamping. Further distinction can be made based on the
stiffness of the gels.
Identifying of different proteins was ensured by fluorescent tagging.
Phalloidin, a widely used peptide, was labeled with Alexa fluore 532 used
to make F-actin visible. A membrane-cytoskeletal protein named vinculin
that originates in FAs was labeled with appropriate antibodies, conjugated
with a fluorescent marker, to detect integrins at 405 nm. In case no anti-
bodies were used, fibronectin is labeled with Alexa 405 like the other layer
of fibronectin is labeled with Alexa 647. Colors of the image represent
the following parts: red (647 nm) represents fibronectin, blue (405 nm) is
related to either laminin or fibronectin and green (514 nm) displays the
F-actin.
During imaging the following problems arose: dust particles appear,
different refraction indexes and astigmatism. In most images a big dust
particle, located inside the microscope and thus not removable, appear
(and sometimes a few smaller ones too). To diminish the effect of multi-
ple contrasting refractive indexes, caused by different substances on top
of each other, an oil is placed on top of the objective. Another occurring
issue is astigmatism, which is mostly canceled out by algorithms.
First five images are shown (see figure 3.1 up to and including figure
3.5): one image of a PDMS gel, one of each stamping method on hydrogel
and an image of a gel without cell to illustrate the original pattern. There-
after, the quality of images of different stamping methods is determined
(see table 3.1).
16
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Figure 3.1: Fibronectin-based stamping on a hydrogel of 3.6 kPa. There are no
cells on top of the gel in this region therefor no deflections are visible and hence,
the original hexagonal pattern of the pillar array is clearly visible.
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Figure 3.2: BSA-based stamping on a hydrogel of 3.6 kPa with a 3T3 cell. All
BSA-based stamping images are of low quality (see table 3.1).
18
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Figure 3.3: Laminin-based stamping on a hydrogel of 25 kPa with a SV80 cell.
Several big and many small deformations caused by the cell are visible on the
substrate.
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Figure 3.4: Fibronectin-based stamping on a hydrogel of 25 kPa with a HASM
cell. This is an image of high quality as the intensity difference between holes
and substrate in-between holes is big compared to other images. In addition,
in contrast to BSA-based stamping and laminin-based stamping more holes are
detectable and the deflections are significantly higher than noise. See table 3.1
and further on in section 3.1 for more information.
20
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Figure 3.5: Fibronectin-based stamping on a PDMS gel of 1:50 ratio base to cross-
linker (40 kPa). Activating under UV light made the gel even stiffer than 40
kPa. A likely reason for no observable deformations visible is that PDMS gels
are meant to resemble tissue of high stiffness (and thus is very stiff) and cells are
not strong enough to deform the gel.
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Pixel-size can be determined by measuring the amount of pixels be-
tween two objects of known distance, for example pillars. For 100x objec-
tives the pixel-size turned out to be 0.13900±0.00041 µm. This is used to
convert the size of deflections and the effect of astigmatism.
There is no universal method to quantify image quality, therefor the
method we created might not be comparable with other standards. We
found that image quality is mainly based on: (i) ratio of the mean intensity
of the substrate to the standard deviation of the background (i.e. holes) in-
tensity (SNR ratio, signal to noise ratio), (ii) the condition of micropatterns
and (iii) the size of deformations. SNR ratio determines the ability to dif-
fer holes from the rest of the substrate. A low SNR ratio can be a result of
too much blocking of fluorescent marker binding, a reagent substance or
bleaching. Also, the condition of micropatterns and size of deformations
influences image quality as deformations have to be significantly larger
than background deflections. The condition of micropattern is quanti-
fied based on the amount of detectable holes. Background deflection was
determined by analyzing deflections on empty parts of substrates, which
give values of 0.070±0.035 µm. The effect of astigmatism ranges from less
than 0.01 µm in the center to around 0.4 µm in the corners.
Average SNR ratios lie around: 8 for BSA-based stamping, 10 for
laminin-based stamping and 25 for fibronectin-based stamping. These val-
ues were found with matlab and represent the average of the ratios mean
intensity of substrate to standard deviation of the background. Each set of
images of a stamping method consisted of at least ten images. The inten-
sity did not depend on the stiffness of the gel.
The home-built program can differentiate holes from substrate
in-between holes if the sharpness of the image is large enough. The amount
of detected holes can be optimized by applying thresholds and it is a mea-
sure for the reliability and significance of the displacement field. Typically,
the amount of holes detected for each stamping method is approximately:
70±15 for BSA-based stamping, 225±30 for laminin-based stamping and
330±25 for fibronectin-based stamping.
Independently of the stamping methods, the deflection of the center of
mass of each hole is typically a few pixel for gels of 3.6 kPa and 25 kPa,
which corresponds to sizes of around 0.5 µm. While deflections on gels
of higher stiffness are comparable to the size of background deflections.
This makes it hard to distinguish background deflections from actual de-
flections so these images are not used to construct a displacement field.
All the images of BSA-based stamping were of such low quality that no
meaningful measure of the deflection of the center of mass can be given.
22
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High quality images were defined as: having a SNR ratio of at least 20,
having at least 300 detectable holes and average deflections greater than
0.4 µm. Low quality images were defined as: having a SNR ratio of less
than 10, having less than 150 detectable holes and average deflections the
size of background deflections. Moderate image quality falls in between.
Results and experiment settings are depicted in the following table,
3.1. Only images of high quality have been used for construction of the
displacement field.
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Experiment settings and results
Gel type Cell types Stamping
method
Stiffness
(kPa)
Image
quality
Possible reason
Hydro gel 3T3, SV80,
HASM
FN 3.6 High
Hydro gel 3T3, SV80,
HASM
FN 25 High
Hydro gel 3T3, SV80 FN 40 Moderate Stiffness too
high
Hydro gel SV80 FN 100 Low Stiffness too
high
Hydro gel SV80 LM 3.6 Moderate Fluorescent
markers par-
tially blocked
Hydro gel SV80 LM 25 Low-
moderate
Fluorescent
markers par-
tially blocked
Hydro gel SV80 LM 40 Low Stiffness too
high
Hydro gel SV80 LM 100 Low Stiffness too
high
Hydro gel SV80 BSA 3.6 Low BSA blocks cell
from binding
Hydro gel SV80 BSA 25 Low BSA blocks cell
from binding
Hydro gel SV80 BSA 40 Low BSA blocks cell
from binding
Hydro gel SV80 BSA 100 Low BSA blocks cell
from binding
PDMS gel 3T3 FN 40+ Low Too stiff and
stiffness in-
creases further
from activated
pillars
Table 3.1: A table about experiment settings and results. This table indicates the
quality of images and giving a possible reason for bad image quality. LM and FN
are abbreviations of laminin and fibronectin respectively.
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3.2 Construction of displacement field
Finding the displacement field from the images is a key step in the process
to reconstruct the force field. The approach we used to find the displace-
ment field has some similarities with the method conventionally used to
analyze displacements of pillar arrays. The deflection of each pillar gets
calculated from it is center of mass, which is possible because the pillars
stay symmetric and homogeneous when exerting forces on them, and thus
the center of mass holds all the information. It is crucial to note that the
size and shape of the holes we analyzed changes asymmetrically when
exerting forces. Reasons are: (i) elasticity of the gel, (ii) unequal force dis-
tribution in orientation and magnitude and (iii) perpendicular to the plane
of view forces. To gain more knowledge about the displacement field, de-
flections of four other points besides the center of mass are tracked and
evaluated. The four additional points we decided to track are the four in-
tersections of the axis and perimeter of the deformed holes (appear ellipti-
cal after exerting forces) and reference holes (appear circular before exert-
ing forces). Cells do not only exert in-plane forces, but forces do also have
components perpendicular to the viewed plane, which can not be mea-
sured. Those perpendicular components influence the detectable holes as
they stretch the holes in the direction vertical to the plane of view, seem-
ingly, making the holes appear smaller than they actually are.
A brief description is given, highlighting and numbering the main steps
of the path to construct the displacement field, after which, intermediate
graphs (see figure 3.6 up to and including figure 3.15) of the analyzing pro-
cess of one image are provided. (i) In order to find the interesting features
of the substrate in greater detail (and to get rid of unwanted dust parti-
cles) thresholds have been made. By creating thresholds for an intensity
per pixel histogram the desired points were selected. (ii) Subsequently,
edges of the holes were detected to identify holes by turning the image
into a black-white image (i.e. an image of zeros and ones) or a gray image
(each pixel has a value between 0 and 1) based on difference of pixel in-
tensity between pixels of holes and pixels in-between holes. (iii) Properties
like center of mass, area, orientation and length of axis of the holes were
retrieved by a built-in code in matlab. This info is needed to calculate the
perimeter and axis of the holes. (iv) The reference grid and center of mass
of original holes, circles, was calculated by extrapolating a region without
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deformations over the whole plane. The parameters like radius, distance
and lattice type of the pillar array are used to compute the reference grid.
(v) Subsequent to this, we plotted the perimeter and axis of the circles and
ellipses, which have the same orientation. This, to find the intersection
points of the axis and perimeter. The radius of original circles was cho-
sen as the mean of the radii of all circular like holes (circular like holes are
defined as holes with eccentricity smaller then 0.3). (vi) Correct linking
of ellipses to corresponding circles was done by calculating the distance
between centers and coupling them based on smallest nearest neighbor
distance. (vii) Finally, the locations of the tracked five points can be de-
termined and (viii) now a displacement field can be constructed based on
the deflection of five points of each hole. From this, the force field can be
calculated as explained in section 1.3.
26
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Figure 3.6: This is a HASM cell on 25 kPA hydroxy-PAAm gel, fibronectin-based
stamping has been applied. In green the integrins are visible and in red fi-
bronectin. The displacement field of this substrate has been analyzed and this
process is showed.
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Figure 3.7: The substrate without the cell. Scale bar: 10 µm.
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Figure 3.8: The substrate after a threshold has been applied. The threshold is de-
fined with trithresh, a home built function, which can be optimized by changing
the offset. A threshold can also be found with multithresh, which makes multiple
thresholds based on the intensity. The desired threshold can be picked based on
an intensity per pixel plot. Scale bar: 10 µm.
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Figure 3.9: Detection of the edges was done with either grayscale (each pixel
has a value between 0 and 1) or black-white (each pixel is either 0 or 1). For
the analyzing process of this image grayscale has been used and the edges of
the holes are roughly detected with canny edge detector. Thereafter, the edges
were identified in more detail by other algorithms. The center of mass and other
properties like the axis and perimeters of holes were found after identification of
holes was completed. Scale bar: 10 µm.
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Figure 3.10: Based on the properties found with in-built matlab functions the
perimeter of the holes were fitted with ellipses and corresponding centers. Scale
bar: 10 µm.
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Figure 3.11: The reference grid was constructed from extrapolating a region with-
out deformations. Here the reference holes, circles, are plotted with correspond-
ing centers and axis. Now, the deflections were calculated by tracking the shift of
points from circles to ellipses. Scale bar: 10 µm.
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Figure 3.12: The axis have also been plotted and the deflections were calculated
by tracking the shift of the center of mass and the four intersection points of
perimeter and axis. Correct coupling of circles and ellipses was done by cal-
culating the distance between centers and linking them starting from the least
deflected pair. Scale bar: 10 µm.
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Figure 3.13: The displacement field based on five points with arrows pointing
in the direction of the deflection (big arrow heads correspond to the centers and
small ones to the four other points). In the corners the effect of astigmatism is
visible, but it is mostly canceled out by algorithms. Deflection in the top right
corner are possibly a result of a nearby cell applying forces on the substrate. Scale
bar: 10 µm.
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Figure 3.14: The displacement field with cell perimeter (green) superimposed.
Scale bar: 10 µm.
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Figure 3.15: An overview of information about the deflections. The units of all
axis are pixel unless stated otherwise. Going clockwise starting at top left: deflec-
tions of centers, centers of reference spots (circles) and deformed spots (ellipses),
astigmatism effect per pixel, histogram of the angle of each pixel (orientation
compared to reference grid) and a histogram of the absolute deflection in pixel
of the centers per pixel.
As seen in figure 3.15, the size of astigmatism is between 0 and 2.5
pixels, except for the left corner where it reaches 4 pixels. The deflection
of pixels close to or under the cell is around 6 pixels, which means the
actual deflections are around 4 pixel, corresponding to 0.5 µm. Most pixels
have a deflection between 0 and 1 pixel, which is mostly a result of noise.
Furthermore, the angles are more or less equally distributed, which means
the direction of deflections is more or less uniformly distributed, which is
visible in figure 3.13.
3.3 Discussion
We observed that an increase in stiffness of the substrate led to smaller de-
formations. Gels with a stiffness of 3.6 kPa or 25 kPa showed deflections
of around 0.5 µm, while gels with a stiffness of 40+ kPa show deflections
the size of background deflections. This is a logical result of the increase in
stiffness as cells need to exert more force in order to deform the substrate.
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The obtained background deflections was 0.070±0.035 µm. There were no
detectable deformations of relevant size for any PDMS gel (see figure ??),
even the softest, as deflections cannot be distinguished from background
deformations. PDMS gels are especially designed to mimic tissue falling
outside the range of hydrogels, which involves tissue of 100 kPa and up.
Because of this, PDMS gel is very stiff and thus cells need to exert sig-
nificantly higher traction forces than they do on pillars to deform the gel
[28]. 3T3 and SV80 cells are fibroblasts, being part of connective tissue and
HASM are muscle cells, and thus they cannot naturally pull hard enough
to deform the gel.
Unfortunately, all BSA-based stamping images are of bad quality, pre-
sumably as a result of a too thick BSA layer. Other factors that might play
a role are: (i) the duration of illuminating the substrate (the longer the du-
ration the more inactive fluorescent parts become, which results in bleach-
ing and low intensity), (ii) a step in the stamping process not performed
properly and (iii) a substance is reagent. Further repeats should reveal
whether BSA-based stamping might be a good alternative for fibronectin-
based stamping, but we found it cannot compete with the other stamping
methods quality wise. An average signal to noise ratio of 8 and amount of
detectable holes of 70±15 is very low. Also, no measurement of deforma-
tions was possible, because they cannot be distinguished from background
deflections. Fibronectin-based stamping shows striking deformations and
pattern on substrates of 3.6 kPa and 25 kPa. Gels of higher stiffness are
not as effective for finding the displacement field. In repeat experiments
we choose to use fibronectin-based stamping and gels of 3.6 kPa or 25
kPa, because that results in images of high SNR signal (around 25), a great
amount of detectable holes (330±25) and the deflections are distinguish-
able from background deflections (0.5 µm). In addition, fibronectin-based
stamping does not require antibodies for imaging, hence reducing the cost
and preparation time.
Despite the high applicability, sensitivity and accuracy of this analyz-
ing approach (it works for any gel type and can detect spots of low in-
tensity), the method is subject to some limitations and improvements can
be made. Limitations are: (i) untraceable deformations of substrate in-
between holes, (ii) not taking into account 3D components of forces, (iii)
incorrect coupling of circles and ellipses when deformations are very large,
(iv) treating every deflection as a single force, while multiple detected de-
flections can be caused by a single force, (v) fitting every hole with an
ellipse as this intrinsically does not has to be the shape of deformed holes
and (vi) not being able to do 3D measurements with these stamping meth-
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ods. Primarily, only the holes were analyzed and not the substrate in-
between them, this, while cells are not bounded by binding to holes only.
So, it can be assumed that the in-between holes part of the gel deforms just
as holes deform. However, this part of the substrate is not possible to an-
alyze, because there were no deformations detectable. Also, as a result of
perpendicular force components, the magnitude of all the measured dis-
placements is lower than the actual value, because 3D components were
not taken into account. Furthermore, the algorithm used is limited in it is
ability to match ellipses and circles of huge displacements, because some
ellipses are closer to, and hence get associated with, the neighboring circle.
Deflections of some pairs of ellipses and circles give a distorted rep-
resentation of what is actually happening. This occurs when a hole gets
elongated in one direction and the minor axis becomes smaller than the
radius of the circle. Now, the deflections are also pointing inwards, while
the applied force is not necessarily directed the same. This has to be an-
alyzed carefully, because single shifts are not necessarily equal to single
point forces. Multiple deflections can be the result of a single force. Nev-
ertheless, addition of all single deflections, whether they are part of sep-
arate forces or not, will always return the force exerted on the center of
mass. Another critical note can be made about the choice to fit all mea-
sured holes with ellipses as this does not have to hold true for the entire
set. Some holes were deformed on such a manner that they are far from
similar to ellipses. However, this is only the case for a tiny minority of
holes and does not influence the results significantly. Because the slice
with fluorescent markers is very thin and cannot be divided into multiple
slices no real 3D force measurement can be performed. 3D force measure-
ment requires a different method [29].
This analyzing method can be further improved. A few suggestions are
given below: (i) tracking more than five points may give a better measure
of the displacement field, as limitations might not depend on how many
points are tracked. For example, tracking only the center of mass of a hole
does not exclude whether one or multiple forces are exerted on the hole as
only one deflection is measured. While, tracking five points makes it also
possible to detect deflections opposite to each other, likely resulting from
different forces. (ii) Further enhancement can be achieved by making it
possible to manually couple incorrectly linked ellipses to a circles. How-
ever, this is tricky and has to be done with great care to prevent biased
coupling. (iii) The problem that the shape of some holes cannot be fitted
by ellipses can be tackled by fitting the perimeter, which is acquired by
edge detection, of each hole separately and independently. So, not every
deformed hole is fitted with an ellipse. A disadvantage of this approach
38
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is that it complicates localizing the coordinates of tracked points, because
each fitted perimeter will have a different shape so it complicates finding
the intersection points of perimeter and axis.
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Chapter4
Conclusion
In conclusion, we found that hydroxy-PAAm hydrogels are best suited for
measuring cellular traction forces, because of their properties needed to
create low stiffness gel and that allow micropattern on the gel. Fibronectin-
based stamping is cheaper, faster and most importantly, produces the best
quality images and hence is favored over the other stamping methods. A
displacement field based on the tracking of five points has been created,
which can be used to reconstruct the force field. Further research is needed
to improve and further validate the approach to acquire the displacement
field and to find the force field, the end goal.
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